Introduction
In nature, organisms, tissues, and single cells are exposed to cell-free nucleic acids including double-stranded DNA (dsDNA) carrying expressible genetic information. Sources of the exposure of cells to cell-free DNA are apoptotic bodies resulting from somatic cell death (summarized by García-Olmo et al 1 ) and nutrition. 2 Uptake of such DNA by individual cells seems to be possible and may be biologically relevant. 1 Another endogenous source of cell-free nucleic acids including DNA to which cells and organs of mammals are exposed is blood. The circulating blood system contains significant concentrations of cell-free DNA and RNA. 3, 4 Little is known about the internalization of cell-free DNA by cells. However, in past years, Doerfler and coworkers have shown that mice fed with naked DNA may incorporate this DNA in specific cell subsets of mononuclear cell populations in blood. [5] [6] [7] Surprisingly, such DNA is not completely degraded or metabolized as fragments of 200-400 bp in length of exogenously introduced DNA could be unequivocally detected. 5 For single-stranded DNA (ssDNA) much more is known about the pathways of their cellular uptake. 8, 9 In contrast to ssDNA, dsDNA has the potential of being genetically and metabolically active in the sense of bearing encoded and expressible biological information. For this reason, here we addressed crucial questions related to dsDNA: (i) can dsDNA enter mammalian cells at measurable amounts, (ii) is the presumed cellular uptake sequencedependent, and (iii) is internalized dsDNA resistant to degradation to remain biologically active, that is, can it be expressed provided it encodes genetic information?
The questions raised here can be addressed experimentally by two independent ways. Firstly, one could choose an identified natural system and try to analyze whether a certain DNA segment or motif is necessary for cellular uptake. On this matter, there are not sufficient published data available so far. Secondly, one could address this question in vitro by establishing a combinatorial approach in cell culture, which is described in the following.
Results and discussion
A pool of dsDNA species consisting of 100 bp of random sequence flanked by 23 bp constant sequences at either terminus was synthesized by chemical means as nonmodified phosphodiesters. To test the diversity of the randomized sequence portion, we determined and compared the sequences of 150 cloned species. No sequence redundancy was found and there was no evidence of a bias during the chemical synthesis of pool DNA with respect to specific bases or motifs. Using an iterative combinatorial experimental setup (Figure 1a) , this pool was exposed to mammalian cells, either BHK-21 or ECV304. BHK-21 cells are a subclone of fibroblastoid adherently growing monolayer cells derived from Syrian hamster kidneys of five unsexed, 1-day-old hamsters. 10 The cell line ECV304 was described as an endothelial cell line, derived from spontaneously immortalized human umbilical vein cells. 11 However, it was shown by DNA fingerprinting that this cell line is a derivative of the human urinary bladder carcinoma cell line T-24. 12 Intracellular extracts containing oligomeric DNA were purified, and pool DNA was amplified by PCR using the terminal constant sequences as primerbinding sites. The resulting selected pool was used for a subsequent cycle of selection for cellular uptake. The apparent number of copies of pool DNA per cell was measured by quantitative PCR.
For both cell types tested, a substantial increase in copy number per cell was detected in intracellular extracts (Figure 1b ). This observation was made reproducibly three times in the use of BHK-21 and ECV304 cells. Also reproducibly we observed an apparent decrease of uptake in subsequent cycles of selection and amplification. This is compatible with a similar observation made frequently in the use of combinatorial approaches where it is explained by assuming that after having reached the maximum of the parameter for which one selected, that is, apparent uptake of DNA, one Cellular uptake of naked DNA MJ Lehmann and G Sczakiel further selects the remaining mixture of species for unrelated parameters such as stability or properties related to the amplification by PCR which may be related to a decrease of the first selection criterion in further cycles. The increase of apparent uptake of DNA was clearly stronger in BHK-21 cells, where a total number of 150 species was cloned from the pool after four rounds of selection and amplification. Cellular uptake by BHK-21 cells was measured for each cloned construct individually ( Figure 1c ). This analysis showed a high variability of uptake among the species tested. Clone #113 showed the greatest increase of apparent uptake which was approximately two orders of magnitude higher than the apparent uptake of the starting pool. For further studies, species #113 was chosen. A control species (#58) was used to represent a control situation ( Figure 1c ).
Next, we tested whether parameters other than the uptake step could have influenced the selection of species #113. Control experiments clearly indicated that neither the stability in the extracellular and intracellular environment ( Figure 2a ) nor the yield of amplification by PCR (Figure 2b ), nor the yield of cloning in Escherichia coli (data not shown) conferred any advantage to clone #113 during the selection cycles. This is consistent with a comparison of the amplification yield of pool 0 and the pool after four rounds of selection and amplification which shows that at least during the first four cycles of selection, apparent stability or the yield of amplification by PCR did not occur ( Figure 2b ). In order to shed light on the pathway by which dsDNA is internalized by BHK-21 cells, we first performed competition studies with a variety of nucleic acids including oligomeric and long-chain DNA as well as RNA and polyanionic macromolecules ( Table 1 , upper panel). Linear plasmid DNA and the polyanionic dextrane sulfate as well as, to a lesser extent, shorter dsDNA interfered with the uptake of species #113 and #58 indicating an uptake mechanism that is related to polyanions. In contrast, ssDNA (36 bp), supercoiled DNA (6.7 kbp), and RNA had no effect. These findings suggest a mode of uptake that is distinct from the uptake of single-stranded oligodeoxyribonucleotides which may occur in a receptor-mediated fashion. 8, 9 In particular, the uptake of clone #113 DNA seems to be different from the uptake of single-stranded oligonucleotides (ON) like antisense ON or immunstimmulatory CpG-containing ON which has been shown to be facilitated by a number of receptor molecules. 13 The uptake mechanism of the 146 bp dsDNA species #113 and #58 seems to be similar to the one that is valid for long-chain linear DNA but different from the one that underlies the internalization of shorter dsDNA. It is interesting to note that tRNA and supercoiled plasmid DNA apparently increase the uptake of the favorable species #113 but not of #58, which, conversely, suggests a different uptake mechanism for #113 and #58. It is in fact noteworthy that supercoiled but not linear plasmid DNA does substantially stimulate the cellular uptake of the selected species #113 for which we have no consistent hypothesis so far. Inhibition studies using the inhibitors of endocytotic uptake, wortmannin and cytochalasin B, 0 . Biological stability was tested after transfection of DNA samples into BHK cells and quantification by q-PCR. Cellular extracts containing transfected DNA were prepared either 2 h after transfection (part a, left panel) or 12 h thereafter (part a, right panel) and diluted aliquots were used for PCR. To test the yield of PCR, serial dilutions of the indicated DNA samples at known concentrations were subjected to quantitative PCR. 14 Next, we tested whether the selected sequence #113 was functionally active, that is, whether it was able to confer increased cellular uptake to heterologous recombinant dsDNA and, thus, can act as a transferable dsDNA cis-element. To this end, either species #113 or #58 were inserted into a plasmid downstream of a CMV promoter/enhancer-driven expression cassette for luciferase (Figure 3a) . Endonucleolytic restriction 3 0 to the insert produced a 3.3 kb dsDNA fragment encoding the luciferase cassette containing either #113 or #58 sequences fused to its 3 0 -end. This naked DNA was incubated with BHK-21 cells. DNA uptake was measured by quantitative PCR (Figure 3b ) and also apparent expression of luciferase was monitored (Figure 3c ). The increase of recombinant DNA uptake and of gene expression mediated by #113 sequences was almost one order of magnitude relative to the control construct fused to the #58 fragment. This experiment strongly indicates a sequence dependency for the spontaneous uptake of naked dsDNA by BHK-21 cells. It further suggests that internalized DNA is being transported into the cell nucleus were it is bioavailable and transcriptionally active. This finding might indicate an uptake pathway that is different from the one suggested for primary keratinocytes since in this case gene expression was not detected on the level of protein though it was measured on the transcriptional level, 14 whereas here introduced plasmid DNA can be indirectly monitored on both levels. As a control, transient transfection experiments in the use of species #58 and #113 indicated that there is no measurable enhancer or silencer function that could be related to apparent expression of luciferase (data not shown).
In order to test whether there is a cell type preference of the selected species #113, this DNA or #58 was incubated with different laboratory cell lines (Table 2) . Under conditions at which the increased uptake of #113 DNA relative to #58 DNA was approximately 40-80-fold in BHK-21 cells, this ratio was significantly in favor of the uptake of #113 for a number of adherently growing cell The standard deviation of at least two experiments each in triplicate ranged between 15% and 45% of the mean value listed here.
Cellular uptake of naked DNA MJ Lehmann and G Sczakiel lines (Table 2) . Conversely, no significant difference between both dsDNA species was observed for the cell lines Jurkat, KG1, and U937, which all grow in suspension, suggesting that the sequence segment #113 which was selected in the use of BHK-21 cells shows to some extent a cell type selectivity (Table 2 ). This view is further supported by the finding that the copy number per cell of #113 as well as of #58 which is detectable in the cell lines of different tissue origin varies over approximately one order of magnitude (Table 2) . In summary, this work provides support for the view that naked double-stranded and long-chain DNA can be spontaneously internalized by mammalian cells. This process occurs with a half-time of 1-5 h (data not shown) and is sequence-dependent. Preliminary evidence suggests an endocytotic uptake pathway that is not used by ssDNA or RNA. By attaching the selected DNA sequence fragment #113 to a recombinant luciferase gene, the resulting coding DNA can enter cells and can be expressed. This result was of special interest since it suggests a sequence-dependent mechanism by which genetic information can enter living cells at significant amounts and in a bioactive fashion. This process was cell type dependent suggesting that specific cells or tissues may be preferentially susceptible for naked dsDNA. These findings support the view that living individual cells, tissues, and intact organisms that are exposed to exogenous genetic information may, in principle, internalize and express such foreign genetic information.
On the technical level, this work suggests that DNAcis-elements of the sort described here can be used to improve the efficiency of existing viral and nonviral vector systems or, in specific cases, serve as an alternative method of delivering therapeutic genes and nucleic acids into cells, including the application of noncomplexed DNA for example in case of DNA vaccination. This work also strongly suggests to search for nucleotide segments and specific motifs that are related to increased cellular uptake on the level of ssDNA and RNA. The combination of such nucleotide motifs with oligomeric nucleic acid drugs in cis could substantially improve their application in vivo, which would be relevant, for example, for antisense ON, immunostimulatory ON, aptamers, and siRNA. First results indicate the feasibility of this hypothesis for oligomeric ssDNA (Hopert and Sczakiel, unpublished).
Materials and methods

Cell lines and cell culture
HeLa cells (DKFZ Heidelberg, Germany) and BHK-21 cells (DSMZ Braunschweig, Germany) and all other adherently growing cell lines (A431, A549, and HaCat) were cultured in DMEM medium (Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal calf serum, L-glutamine (2 mmol/l), penicillin (100 IU/ml), and streptomycin (100 mg/ml) and splitted twice a week after trypsinization. ECV304 cells (ATCC, Manassas, VA, USA) were cultured in medium 199 with the same supplements mentioned above. For selection experiments cells were seeded in 175 cm 2 flasks, for screening experiments cells were plated in 12-well culture plates and grown to 50% confluency. All cell lines that grow in suspension (Jurkat, KG1, and U937) were cultured in RPMI 1640 medium (Life Technologies, Karlsruhe, Germany) containing the same supplements as described above.
DNA Library
A DNA library representing 1 Â 10 13 different sequence species was synthesized by TibMolBiol (Berlin, Germany) containing an internal randomized sequence portion of 100 bp, flanked by 23 bp constant terminal sequences: 5 0 -TGCAGGCTCGAGTTAATTAACTG-N (100) -TCTAGATCAGCGGCCGCAATACA-3 0 . For incubation experiments, DNA was amplified by PCR. Purity was monitored by agarose gel electrophoresis (1% agarose) and the DNA concentration was measured by UV absorption at 260 nm.
Preparation of oligomeric and linearized plasmid DNA from cells
For selection experiments, cells were incubated with 10 mg of pool DNA in 20 ml of serum-free growth medium for 12 h, and for screening experiments with 25 ng of pool-DNA in 1 ml of serum-free media, respectively. For quantification of internalized long-chain DNA, approximately 10 6 cells were incubated with 10 mg/ml of the linearized 3.3 kb long luciferase-encoding plasmid DNA fused to the selected DNA fragments in serum-free medium for 12 h. After removing the medium and washing the cells with phosphate-buffered saline (PBS), the cells were trypsinized, pelleted in PBS and washed again five times with PBS. Finally, pelleted cells were suspended in TE buffer (pH 7.5) and lysed by freezing and thawing. While the insoluble cell fraction was removed by centrifugation, soluble cell extracts were purified by phenol/chloroform extraction followed by ethanol precipitation.
Determination of internalized DNA species
Pool-DNA was quantified by quantitative PCR (SYBR Green PCR Core Reagents, Gene Amp Sequence Detector 5700, PE Biosystems, Foster City, CA, USA) according to the manufacturer's protocol using forward primer Construction of luciferase-encoding plasmid DNA harboring selected DNA fragments
For construction of luciferase encoding plasmids harboring selected DNA fragments, we used plasmid pTG11283 (kindly provided by K Rittner, Transgene SA, Strabourg, France). The selected DNA fragments were incubated with the restriction enzymes XhoI and NotI and subcloned into the NotI and BsaI restriction sites of the multiple cloning site of pTG11283. Plasmid DNA was amplified in E. coli strain XL1-blue, isolated and purified by cesium chloride gradient centrifugation. Plasmid DNA was linearized by SalI leading to a 3.3 kb long luciferase-encoding cassette fused to the selected DNA fragments at the SV40 poly A termination signal.
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Luciferase assay
For measuring luciferase activity, BHK-21 cells were seeded in 15 cm cell-culture plates and grown to 50% confluency. Cells were incubated with 10 mg/ml of the linearized luciferase-encoding plasmid DNA harboring the selected DNA fragments in serum-free medium for 12 h. After removing the medium, cells were incubated for an additional 24 h in DMEM containing FCS. Cells were harvested with a cell scraper and lysed by freezing and thawing. The cell lysate of approximately 10 8 cells was used for measuring luciferase activity as described previously. 15 Values were standardized to protein concentrations by using the Bradford assay.
Competition and inhibition experiments
For competition experiments, BHK-21 cells were seeded into 12-well culture plates and grown to 50% confluency. Thereafter, cells were incubated with 25 ng/ml of the selected DNA species and a 10-fold molar excess of competitor for 2 h. Inhibition experiments were performed with 100 nM wortmannin (Sigma-Aldrich, Taufkirchen, Germany), and 10 mM cytochalasin B (SigmaAldrich, Taufkirchen, Germany) for 2 h, respectively. Internalized DNA was purified and quantified as described before.
Amplification and stabiltity control experiments
To investigate the intracellular stability of pool-DNA and selected species-DNA, BHK-21 cells were grown in 12-well culture plates and transfected with 5 ng DNA using Fugene 6 transfection reagent (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's protocol. At 2 and 12 h after transfection, respectively, cells were washed and lysed as described before. Internalized DNA was quantified by PCR. To test the amplification rate in the PCR reaction, pool-DNA and DNA of selected species was diluted resulting in a solution with approximately 1 Â 10 4 DNA copies/ml. Quantitative PCR with 1 ml of the diluted DNA solutions was performed as described before.
